Liquid alloys of metals with mercury ͑amalgams͒ are used to synthesize the fullerides A n Hg x C 60 ͑A=K,Rb,Cs; n =2;3; x Ͻ 1͒, A n Tl m Hg x C 60 ͑A=K,Rb,Cs; n =1;2; m = 0.25-2; x Ͻ 1͒, and Na n C 60 ͑n=2,3͒. The samples are studied by x-ray diffraction, nuclear magnetic resonance, electron paramagnetic resonance, Raman scattering, and differential scanning calorimetry. The Na n C 60 ͑n=2,3͒ fullerides are not superconducting. Structural phase transitions are observed in them as the temperature is varied. K 2 Hg x C 60 is a superconductor with a transition temperature T c = 22 K, while K 3 Hg x C 60 is not superconducting. Rb n Hg x C 60 ͑n=2,3͒ are superconductors with T c = 24-25 K. The cesium fullerides with an assumed composition of Cs n Hg x C 60 ͑n=1-3͒ are either polymers ͑n=2,3͒ or crystallize in a rhombic lattice, but none are superconducting. A maximum T c = 22 K is observed in the K 2 Tl m Hg x C 60 fulleride with a thallium concentration m = 0.5. Cs n Tl m Hg x C 60 ͑n=1-3; m=1,2͒ is not superconducting, but KCsTlC 60 produced by means of exchange reactions with TlCl is a superconductor with T c = 21.7 K.
INTRODUCTION
The discovery of superconductors based on alkali metal fullerides in 1991 1,2 led to the rapid development of methods for synthesizing them and to studies of their electrical, structural, spectral, and other properties. [3] [4] [5] [6] [7] [8] However, the ranges in which they might be used have not been determined and no ways have been found to increase their superconducting transition temperatures T c or to determine the dependence of these temperatures ͑if they exist͒ on the method of synthesis. There are no generalizations which might make it possible to predict compositions of fullerides with possible superconducting properties, etc.
These days the best known method for synthesizing alkali metal fullerides is based on the direct interaction of metal vapors with fullerite. 2, 38 Methods involving interactions of solutions of the metals in ammonia or suspensions in organic solvents are used somewhat less. [9] [10] [11] [12] [13] [14] [15] The fullerides of the other metals are less accessible, but some of them can be obtained through exchange reactions of alkali metal fullerides with anhydrous halides of heterometals dissolved in organic donor solvents 16 or through amalgams. [17] [18] [19] Here we summarize and compare data obtained in the course of developing the latter two methods for synthesizing fullerides, and study the physical-chemical, structural, and electrical properties of homo-and heterometallic fullerides with compositions A 2 C 60 , A 3 C 60 , and A 2 BC 60 . These fullerides are superconductors or potentially so.
I. EXPERIMENTS
In this section we describe methods of synthesizing fullerides by using liquid amalgams and by direct and exchange reactions in organic solvents and the methods for studying the resulting products.
A. Methods for synthesis of amalgams and fullerides from amalgams
The calculated amounts of one or two metals ͑to within 0.02-0.15 g͒ were weighed in a vacuum cell and placed in a pyrex vial containing 6 -7 g of mercury ͑i.e., a sufficient amount according to the phase diagrams for producing the liquid amalgams͒. The vial was then pumped down in a vacuum and sealed off. The metals were dissolved by heating a vial to 400°C for 3 hours with periodic mixing of the contents.
The vial with the amalgam and the reactor for synthesizing the fulleride were placed in a "Braun-M" vacuum cell. The vial was opened and its contents transferred to the reactor, into which the calculated amount of fullerite ͑0.15-0.25 g͒ and 20-30 mL of pure toluene had been placed. The reactor was extracted from the cell and its contents were frozen in liquid nitrogen; the entire system was pumped down in vacuum and unsealed, and the reactor was placed in a thermally controlled cabinet equipped with a mixing device for 15-20 days at a temperature of 100-110°C. The progress of the reaction was monitored visually by the fading of the violet fullerite solution. Further operations for separating the reaction product were carried out in a fully sealed glass unit and included: separation of the excess mercury by decanting, washing the residue three or four times by recondensation of the solvent with cooling in liquid nitrogen, drying the residue at 90-100°C, and packing it into vials for the electrical, spectral, and x-ray structural studies.
B. Synthesis of heterofullerides by exchange reactions in organic solvents
Fullerides were synthesized in the organic solvents in two stages. In the first stage, alkali metal fullerides with compositions A n C 60 , where A = Na,K,Rb and n=3-6 were obtained by direct reaction of an alkali metal with the fullerite solution in pure toluene using the method described in Refs. 9, 20, and 21. The second stage involved an exchange reaction of an alkali fulleride with anhydrous chlorides of the heterometals in pure tetrahydrofuran ͑THF͒ at temperatures below 80°C in accordance with the reaction A n C 60 + MCl k --→ THF A n−k MC 60 + kACl. ͑1͒
When it is necessary to obtain ternary fullerides, this method can be supplemented by a third stage. Then the second stage is followed by the introduction of a third metallic component, such as a second alkali metal AЈ, without removal of the ACl. The presence of the third component of the fulleride and its introduction in the third stage are indicated by parentheses in the formula:
A n−k MC 60 + kACl + AЈ --→ THF A͑AЈ͒MC 60 + kACl.
͑2͒
In principle, this method makes it possible to obtain fullerides and heterofullerides of various metals ͑here, thalliumcontaining heterofullerides͒ with different chemical compositions and atomic charge states. 16 The compositions of these materials calculated from the component batch sizes ͑rather than measured͒ are listed in the table.
C. Experimental techniques
X-ray diffraction studies of the fulleride samples sealed in glass capillaries under vacuum were carried out on a Guinier G670 HUBER system. NMR spectra of 13 C ͑75. 43 MHz͒ and 23 Na ͑79. 39 MHz͒ were recorded on a Bruker MSL-300 spectrometer in a stationary regime with a magnetic field of B 0 = 7.04 T. The nuclear spin systems were excited by a sequence of individual pulses of duration 4 s with 1 s between pulses for 23 Na and 10-30 s for 13 C. The number of pulses in a single measurement was 2500 for 23 Na and 450 for 13 C. The sample temperature in the range of 120-400 K was maintained by a B-VT-1-1000 system to within Ϯ1 K. The control system used for temperatures of 380-1000 K is described in Ref. 22 . The temperature was measured with an accuracy of Ϯ5 K over temperatures of 380-540 K and Ϯ15 K at higher temperatures. The shifts of the lines in the NMR spectra of 13 C were measured relative to the 13 C signal from tetramethyl silane and in the spectra of 23 Na, relative to a water solution of sodium chloride.
The Raman scattering spectra were recorded on a Perkin Elmer Raman Spectrometer system at room temperature using a He-Ne laser with a wavelength of 632.7 nm.
EPR spectra were obtained with a Bruker model Elexsys 500 EPR spectrometer at microwave frequencies ͑frequency about 9.5 GHz͒ using a flow-through cryostat at temperatures of 105-300 K. The g-factor was calculated using lines in the EPR spectrum of Mn 2+ ions in MgO as a standard. Thermal analysis of the samples was done with a 204 Phoenix ͑Netzsch͒ differential scanning calorimeter over 200-450 K with a heating rate of 10 K / min.
Because of the instability of fullerides in the presence of oxygen, the samples for measurements of the magnetic susceptibility were placed in a hermetically sealed vial filled with argon or helium. A low-frequency inductive technique was used to detect the superconducting transition in the samples. This method is based on the Meissner effect as a sample passes into the superconducting state. When a sample undergoes a transition into the superconducting state at a certain temperature, it develops a magnetic moment in a direction opposite to the external magnetic field and brings the field to zero inside the superconductor. As a result, an inductive current is induced in the coil with the sample that creates an imbalance in the coil system, which is detected.
II. RESULTS AND DISCUSSION

A. Homofullerides of the alkali metals
Here we discuss the results of synthetic, structural, and physical-chemical studies of homofullerides of the alkali metals ͑except lithium͒ with compositions A 2 C 60 and A 3 C 60 obtained through the interaction of fullerites with suspensions of the metals in toluene or with their amalgams. This is contrasted with the results for gaseous phase synthesis of the homofullerides, for which crystallographic data in the ICDD data base are taken as a standard.
B. Na n C 60 "n=2,3… fullerides According to published data, gaseous phase synthesized fullerides A 2 C 60 are dielectrics, while A 3 C 60 fullerides ͑ex-cept the homofullerides of lithium, sodium, and cesium͒ are superconductors. Under standard conditions, both groups crystallize in fcc lattices. 23, 24 Diffraction patterns of Na n C 60 ͑n=2,3͒ sodium fullerides synthesized by suspension of the metal in toluene 9, 10, 16, 25 and from amalgams are shown in Figs. 1 and 2.
It is clear that Na 2 C 60 obtained from the amalgam is a single phase material with an fcc lattice that has a = 14.224͑1͒ Å. At the same time, the sample obtained by suspension has at least two phases and contains, as a contaminant of the fcc phase, a fulleride with a primitive cubic lattice ͑indicated by PC in Fig. 1͒ along with a small amount of unidentified impurities ͑whose positions are indicated by arrows͒.
Compared to data published 26 for the gaseous phase synthesized fulleride, the diffraction pattern for Na 3 C 60 produced by interaction of a suspension of sodium with C 60 in FIG. 1. X-ray diffraction patterns of two samples of Na 2 C 60 obtained through the interaction of a solution of C 60 with a suspension of sodium in toluene ͑1͒ and through the amalgam ͑2͒ with a Na:C 60 = 2 : 1 stoichiometry at 110°C; these are compared with data from the ICDD data base.
toluene is more complicated and cannot be identified as a cubic lattice. The crystalline structure of this substance is best identified as a triclinic lattice with parameters a = 10.88 Å; b = 16.59 Å; c = 9.600 Å; ␣ = 94.03°; ␤ = 116.07°; ␥ = 84.81°, or, less likely, the material consists of a mixture of phases. This obviously unexpected result means that this sample of trisodium fulleride Na 3 C 60 ͑we denote it as ͕Na 3 C 60 ͖͒ is significantly different from the fullerides of potassium and rubidium obtained by the same method ͑see below͒.
At the same time, as Fig. 2 shows, the diffraction patterns of Na 3 C 60 and Na 2 C 60 obtained from an amalgam are essentially the same and have an fcc lattice parameter a = 14.225͑1͒ Å. However, these substances, like all the other known sodium homofullerides, do not have superconducting properties.
We shall not discuss the x-ray spectra of the Na n C 60 sodium fullerides with n ജ 4, which were also synthesized in a toluene medium and were used as raw materials for producing heterofullerides in exchange reactions, but we note that none of them contained phases of the initial materials ͑metallic sodium and fullerite͒ up to n = 12-14. This is in agreement with published data [27] [28] [29] and indicates either filling of all 11 voids in the fullerite lattice and/or siting of several sodium atoms in the largest octahedral void in the form of a cluster. 30 It should be noted that the sodium compounds are distinctive among all types of carbon intercalates for their "nonstandard" behavior. This has already been pointed out for intercalation compounds of sodium in graphite [31] [32] [33] [34] [35] and also shows up in the fullerites, which have been characterized in some papers as dielectrics and in others, as having metallic conductivity. [36] [37] [38] [39] [40] We mentioned anomalies in the structural data above, and below we shall examine magnetic anomalies detected during our spectroscopic studies of sodium fullerides and, especially, Na 3 C 60 obtained from toluene, which stands out from the general tendency.
Raman scattering spectra of Na 2 C 60 and ͕Na 3 C 60 ͖ obtained from toluene are shown in Figs. 3a and the position of the A g ͑2͒ line of this compound relative to the fulleride K 3 C 60 is shown in Fig. 3b . The figure shows that for Na 2 C 60 and ͕Na 3 C 60 ͖ this line is shifted by roughly 6 cm −1 to larger wave numbers relative to the A g ͑2͒ line in K 3 C 60 . This shift corresponds to a reduction in the average charge of the C 60 molecule in Na 2 C 60 and ͕Na 3 C 60 ͖ to ϳ−2.
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The 13 C NMR spectrum of Na 2 C 60 at temperatures of 170-370 K is dominated by just one line, whose position and width depend on the temperature ͑Fig. 4͒. This is explained by "freezing" of the rotation of C 60 2− ions at 220-230 K and the absence of localized magnetic moments. These temperature dependences are reversible and agree well with earlier work. 38, 42, 43 Additional information on the geometrical and electronic structure of the sodium fullerides can be obtained from their 23 Na NMR spectra, some of which are shown in Fig. 5 . At 291 K the spectrum contains two main lines at −3 and 60 ppm. The first corresponds to a phase with a primitive cubic lattice ͑Fa3͒ and the second, to an fcc phase with a FIG. 2. X-ray diffraction patterns of two samples of Na 3 C 60 obtained through the interaction of a solution of C 60 with a suspension of sodium in toluene ͑1͒ and through the amalgam ͑2͒ with a Na:C 60 =3:1 stoichiometry at 110°C .   FIG. 3 . Raman scattering spectra for Na 2 C 60 and ͕Na 3 C 60 t ͖ ͑a͒ and the positions of the A g ͑2͒ line of the Raman spectrum for Na 2 C 60 , ͕Na 3 C 60 t ͖, and K 3 C 60 ͑b͒.
͑Fm3m͒ lattice. When the temperature is reduced to below 291 K, the NMR line from the fcc phase vanishes, while when the temperature is raised above 370 K, the line corresponding to the primitive cubic lattice vanishes. This interpretation of the lines in the NMR spectrum of 23 Na is confirmed by the earlier x-ray diffraction data and by the differential scanning calorimeter data. Figure 6 shows that the endothermic effect in Na 2 C 60 , which begins at 290 K and has a peak at 317 K ͑⌬ ϳ 0.03 mW/ mg͒, corresponds to a structural phase transition of the PC into an fcc lattice. The low intensity ͑⌬ ϳ 0.005 mW/ mg͒ endothermal effects at temperatures of 221 and 253 K most likely correspond to changes in the electronic structure of the fulleride. In fact, the EPR spectrum for Na 2 C 60 shown in Fig. 7 shows one such intense line ͑Fig. 7a͒ with a g-factor of 2.0008͑5͒ and a shape that depends on temperature. The latter point is quite evident from the temperature variation of the paramagnetic susceptibility and the EPR linewidth ͑Figs. 7b and 7c͒. Sig- Na NMR spectra for Na 2 C 60 at different temperatures. nificant discontinuities are observed in these curves at temperatures above 210 K. At temperatures above 220 K, the thermal activation of electrons becomes significant as their contribution to the EPR signal begins to exceed that from defects.
Here it should be noted that the singlet spin state of alkali metal fullerides of the type A n C 60 with n = 2 and n = 4 can be explained in terms of the Jahn-Teller effect, where spontaneous deformations of the high symmetry C 60 molecule cause splitting of the degenerate t 1u level. When the degeneracy is eliminated, the two states with even n become singlets. The Jahn-Teller effect in fullerides is strong enough to change the band structure and form a band gap between occupied and free states. 5 The assumption of thermal activation of C 60 2− is consistent with the increased Knight shift and reduced NMR line width observed in 13 C NMR spectra ͑see Fig. 4͒ . Above 270 K there is a gradual increase in the magnetic susceptibility, which reaches a maximum at 300-310 K, i.e., actually at the temperature of the structural phase transition of the primitive cubic into an fcc lattice.
With increasing temperature, the 23 Na NMR line corresponding to the fcc phase is shifted monontonically toward higher frequencies from 70 ppm at 291 K to a maximum of 150 ppm at 470 K, and then gradually back to lower frequencies. Thus, its shift with temperature has a bell shape ͑Fig. 8͒. The fulleride decomposes irreversibly above 700 K.
The shift ␦ and the shape of the 23 Na NMR signal are determined by two quantities:
where is the chemical shift tensor and the product ͕AЈ͖ is the contribution to the shift owing to unpaired electrons ͑the Knight shift, where A is the hyperfine interaction tensor between unpaired electrons and the 23 Na nucleus, and is the local electron susceptibility͒. This shift is caused by the variation ͑T͒ in the magnetic susceptibility, which in our case is caused by thermal activation of C 60 2− anions and their transition into a triplet state. 34 With increasing temperature, the number of such particles increases, along with the magnetic susceptibility of the sample. But, at the same time as the number of C 60 2− ions in the triplet state increases, they begin to rotate freely and the spatial disorientation of the spin system increases, so that there is a drop in the total magnetic susceptibility and the bell-shaped dependence appears.
We now consider the results of the spectroscopic study of Na 3 C 60 . According to published data, trisodium fulleride synthesized by the gaseous phase method has an fcc crystalline lattice that is similar to the lattices of potassium and rubidium fullerides. 20, 21 However, a diffraction pattern ascribed to an Na 3 C 60 composition shown in Ref. 23 suggests the presence of unbound fullerite in the sample; i.e., this x-ray spectrum 23 is of Na 2 C 60 with an admixture of free C 60 . Nevertheless, at present this appears to have no serious consequences, since our sample of Na 3 C 60 synthesized from an amalgam with Na: C 60 =3:1 and containing no free fullerite has an x-ray spectrum similar to that of the sample prepared by gaseous phase synthesis.
At the same time, as noted above, the Na 3 C 60 synthesized in toluene by the method of Ref. 9 , has a completely different structure. In an 13 C NMR spectrum of ͕Na 3 C 60 t ͖ taken at room temperature there is a line with a maximum at 182 ppm. As the temperature is raised the signal becomes FIG. 7 . An EPR spectrum for Na 2 C 60 ͑a͒, magnetic susceptibility of Na 2 C 60 ͑b͒, and line width of the EPR signal for Na 2 C 60 ͑c͒.
FIG. 8.
Temperature dependence of the shift in the Na ͑I͒ line in 23 Na NMR spectra for Na 2 C 60 .
narrower and is shifted to higher frequencies. At 370 K a maximum of the 13 C NMR line is observed at 187 ppm. The NMR shift for ͕Na 3 C 60 t ͖ is consistent with the data of Ref. 9 and indicates a density of electron states at the Fermi level that is close to that for K 3 C 60 . This means that, at least, this sample of sodium fulleride is a metal at room temperature, although the charge state of the C 60 molecule in it is close to −2. This unusual behavior of ͕Na 3 C 60 t ͖ may be related to a low-symmetry crystal structure that might prevent distortion of the C 60 molecule owing to the Jahn-Teller effect.
The changes in the 23 Na NMR spectra with varying temperature reflect a complicated dynamical picture produced by a sequence of reversible ͑at low temperatures͒ and irreversible ͑at temperatures above 540 K͒ phase transitions in ͕Na 3 C 60 t ͖. Figure 9 shows 23 Na NMR spectra of ͕Na 3 C 60 t ͖ for temperatures of 220-290 K. At 290 K the NMR spectrum consists of four lines, three of which appear at high frequencies, 291, 148, and 101 ppm, and one, at a low frequency, 27 ppm.
Of these lines, the high frequency NMR line at 291 nm stands out; it is at 1 / 4 of the NMR shift in metallic sodium ͑1130 ppm͒. This justifies the assumption that there are Na atoms in this fulleride with different charges on them. Given these data and using the results of a spectroscopic study of Na 2 C 60 , we attribute the 23 Na NMR signals at −27 and 101 ppm to two different positions of sodium in fragments similar to Na 2 C 60 and the weak signal at 148 ppm to a third position of sodium ͑see Fig. 12͒ . We attribute the NMR signal at 291 ppm to Na atoms with the highest electron density. As Fig. 9 shows, when the temperature is increased, the intensities of the NMR signals at 291, 148, and 101 ppm decrease; this is accompanied by an increase in the NMR signal at −27 ppm associated with Na atoms in fragments similar to Na 2 C 60 .
There is a sudden change in the NMR spectrum between 260 and 250 K: the intensity of the signal associated with Na atoms with a high electron density approaches zero. This can be explained in terms of a phase structure transition that is accompanied by a redistribution of Na atoms in the lattice and a change in the type of conductivity from metallic to semiconducting. In other words, we assume that when the temperature is decreased from 260 to 250 K, a gap opens up in the Fermi level and the density of free electrons near Na and carbon atoms ͕Na 3 C 60 t ͖ decreases sharply. The EPR spectroscopy data confirm our assumption of a metal-dielectric transition within this temperature range. As Fig. 10 shows, the EPR spectra of ͕Na 3 C 60 t ͖ are similar to those of Na 2 C 60 and consist of a single line. The g-factor within it varies little, over a range of 2.0014-2.0017. However, unlike with Na 2 C 60 , here the temperature dependence of the paramagnetic susceptibility undergoes a sharp jump ͑by up to a factor of 7͒ on heating from 240 to 265 K ͑see Fig. 13b͒ . Here the width of the EPR signal gradually increases from 0.15 to 0.5 mT ͑see Fig. 13c below͒. Both of these facts indicate an increase in the electron density near the sodium atoms.
The differential scanning calorimetry data shown in Fig.  11 show that in Na 3 C 60 only a single endothermic effect is observed at a high intensity ͑⌬ ϳ 0.21 mW/ mg͒, while the other features of the temperature curves are weak and can be neglected. Heat absorption sets in at ϳ250 K and the maximum is observed at 259 K. This temperature is exactly the same as that of the sharp changes in the NMR spectrum, and the high intensity of the effect and its sign confirm the assumption of a structural transition in ͕Na 3 C 60 t ͖. Significant changes in the 23 Na NMR spectra also occur above room temperature ͑Fig. 12͒.
First, when the fullerides are heated within the range 290-400 K, the high-field 23 Na NMR signal vanishes while the low-field signal shifts to higher frequencies and splits into two components at 112 and 150 ppm. Differential scanning calorimetry shows that at 300-320 K there is a small endothermic effect with an intensity of ⌬ ϳ 5·10 −4 mW/ mg and a maximum at 318 K. Second, at temperatures of 423-523 K there is a significant change in the intensity of the NMR lines at 112 and 150 ppm. Third, at temperatures Na NMR spectra for ͕Na 3 C 60 t ͖ at low temperatures.
above 543 K, the NMR spectra become irreversible, which indicates a change in the structure and composition of the material. The temperature dependence of the shift for all the NMR signals is plotted in Fig. 13 . In Fig. 13 , Na͑O͒ denotes octahedral positions, Na͑T͒ tetrahedral positions, and Na͑TЉ͒ tetragonal positions. There Na͑high freq͒ refers to a cluster sodium ion in an octahedral position and Na͑PC͒, to sodium in the phase with a simple cubic lattice. A line with this shift is observed at temperatures of 400Ͻ T Ͻ 500 K, but the reasons for its appearance are still unclear.
The most characteristic feature of the 23 Na NMR spectrum of Na 3 C 60 is an intense line in the high frequency region that may be related to an Na atom with a high electron density ͑closest to C atoms͒. The observed shift in the NMR signal to 320 ppm is beyond the range of ordinary shifts observed in 23 Na NMR spectra of inorganic compounds ͑−20 to + 20 ppm͒. It may be related to free electrons ͑i.e., to a metallic conductivity͒. In fact, the temperature dependence of the shift in the high-frequency 23 Na NMR signal indicated in Fig. 12 can be approximated by a linear dependence ␦͑ppm͒ = 445-0.5T͑K͒, which is typical for the Knight shift and indicates the existence of free electrons.
Thus, we have synthesized the sodium fullerides Na 2 C 60 and Na 3 C 60 by a liquid phase method. There is a structural transition, accompanied by a metal-dielectric transition, at 240-260 K in the fulleride ͕Na 3 C 60 t ͖. The temperature dependence of the relative paramagnetic susceptibility confirms our assumption of thermal activation of free charge carriers in Na 2 C 60 at temperatures above 220 K and in ͕Na 3 C 60 t ͖ above 240 K. These results are indicative of a complicated lattice dynamics and its effect on the electronic structure of the sodium fullerides.
C. K n C 60 "n =2,3… fullerides
Judging from the x-ray data, the structure and composition of the dipotassium fulleride is independent of the production technique. The general forms of the diffraction patterns of K 2 C 60 produced by the gaseous phase method, or from suspensions in toluene and amalgams, are completely identical. As an example, Fig. 14 shows some diffraction patterns for K 2 C 60 produced from suspensions in toluene and an amalgam with K : C 60 =2:1. The substance crystallizes into an fcc lattice, but the value a = 14.240 Å obtained for the gaseous-phase sample is considerably smaller than that found for the materials synthesized from a solution and from an amalgam, a = 14.279͑2͒ Å. The increase may be related to the embedding of small amounts of the solvent ͑toluene or mercury͒ in the fulleride lattice.
The interaction of the fulleride with a suspension of potassium in toluene with K : C 60 =3:1 is the same as the analogous synthesis reaction for the dipotassium fulleride and also ends with the formation of a substance with an fcc lattice, but with a higher value of a = 14.311͑1͒ Å.
Synthesis of the tripotassium fulleride with an amalgam leads to a radical change in the structure of the reaction product. A diffraction pattern of this substance ͑Fig. 15͒ resembles that of the trisodium fulleride shown in Fig. 2 . But, as opposed to the latter, it corresponds to a monoclinic lattice with a = 16.50͑1͒ Å; b = 10.80͑1͒ Å; c = 10.41͑1͒ Å; ␤ = 108°͑we denote this as phase M 1 ͒ and, with a greater probability, may have a tetragonal supercell. Although the x-ray spectra of K 2 C 60 obtained by the different methods are identical, the electrical properties of the samples depend very strongly on how they have been synthesized. Thus, it is known that K 2 C 60 obtained by the gaseous phase method or from a solution in toluene is a dielectric. On the other hand, FIG. 10. An EPR spectrum for ͕Na 3 C 60 t ͖ ͑a͒; magnetic susceptibility ͑b͒ and line width of the EPR signal for ͕Na 3 C 60 t ͖ ͑c͒.
FIG. 11.
Temperature dependence of the heat content of ͕Na 3 C 60 t ͖ according to differential scanning calorimetry ͑DSC͒.
the material produced from an amalgam is a superconductor, even though it has essentially the same x-ray spectrum as the other dipotassium samples. Thus suggests that a small amount of mercury enters the product fulleride lattice and radically changes its properties. There is nothing surprising in this proposition. It is well known from the chemistry of intercalated graphite compounds that neither metallic mercury nor its compounds are embedded independently in graphite, but this is relatively easily done in the vapor with an alkali metal. 33, 44 Unfortunately, no other definite data on the composition of fulleride phases obtained by intercalation of potassium from an amalgam are currently available. It is clear that an analogous phenomenon ͑i.e., the embedding of mercury atoms in a fulleride͒ occurs during synthesis of K 3 C 60 from an amalgam. The material produced in this way differs from the ordinary potassium and rubidium trimetallic fullerides in terms of structure, as noted above, but also in their complete lack of superconducting properties.
D. Rb n C 60 "n =2,3… fullerides
With increasing chemical activity of the alkali metals in the series Na→ Cs, the intensity of their interaction with fullerite increases. Rubidium in the form of a suspension in toluene reacts completely with C 60 within 0.5-1 h, with mild mixing at room temperature and within a few minutes at 60-80°C. The resulting di-and trirubidium fullerides crystallize into fcc lattices with parameters a equal to 14.450͑3͒ and 14.460͑2͒ Å, respectively, or considerably larger than the values found for samples produced by gaseous phase synthesis ͓a = 14.384 Å in Rb 2.92 C 60 ͑Ref. 2͔͒.
The reaction of fullerite with rubidium amalgams ͑with Rb: C 60 =2:1 and 3:1͒ proceeds in an entirely unusual fashion that distinguishes it from all the other methods of synthesizing alkali metal fullerides, including from amalgams. Judging from the fading of the toluene solution, the interaction among the components begins at room temperature almost immediately after the components are mixed. The precipitate initially puffs up and after two hours occupies the entire reactor volume ͑35-40 mL͒. At the same time as this process, the droplets of metallic mercury ͑the amount of which in the initial amalgam was 100-130 times the amount, by weight, of rubidium taken for the reaction͒ vanish completely from the bottom of the reactor ͑usually Rb: Hg: C 60 ϳ 0.05-0.08: 6.0: 0.2 grams͒. After 4 -5 days the friable, bulky precipitate of fulleride begins to subside, but metallic mercury does not separate into an independent phase, even after removal of the solvent and drying of the precipitate at 200°C in vacuo; this indicates that it is incorporated into the volume of the powdery fulleride in an ultradispersed state. Nevertheless, it clearly does not enter the lattice in significant amounts, since it is almost completely "squeezed out" of a sample when pressed in a press-mold with a load of 2 t. Similar processes, but at a faster rate, have been observed during reactions in a rubidium amalgam with a solution of C 60 in toluene at 100-110°C.
It is entirely natural that these features of the synthesis process are reflected in the compositions, structures, and electrical properties of the resulting substances. Thus, we were not able to obtain pure samples of Rb 3 C 60 and Rb 2 C 60 from an amalgam under the most widely varying synthesis conditions. With Rb/ ͑Hg x ͒ :C 60 =3:1 mixtures and reactions at room temperature, we obtained a mixture of Rb 3 C 60 with a small amount of Rb 6 C 60 . At 100-110°C, we obtained a mixture of fcc Rb 3 C 60 with a lattice parameter a = 14.443 Å and a monoclinic phase of unknown composition with parameters a = 10.539 Å; b = 7.998 Å; c = 6.883 Å; ␤ = 103.21°a nd a cell volume of V = 564.8 Å 3 , or 1/ 5 of the volume of the hexagonal fullerite cell ͑we denote this as phase M 2 ͒.
In general, it was not possible to synthesize Rb 2 C 60 from an amalgam, since a mixture of phases was formed under all conditions. As an example, Fig. 16 shows an x-ray pattern for a sample produced from a Rb/ ͑Hg x ͒ :C 60 =2:1 mixture in toluene at 100-110°C. The reflections associated with the servation of the atomic ratios of the elements presupposes the formation of third, possibly noncrystalline, phases during the reactions. Figure 17 is a plot of the total spin susceptibility ͑total magnetic moment divided by the magnetic field͒ of the fullerides K 2 Hg x C 60 and Rb 2 Hg x C 60 . It was calculated by comparing the doubly integrated EPR spectrum of the fullerides with the doubly integrated EPR spectrum of a CuCl 2 ·2H 2 O standard. The resulting total spin susceptibilities are almost independent of temperature, which is a sign of Pauli paramagnetism. Assuming that Pauli paramagnetism predominates, we have estimated the density of electron states at the Fermi level; this is shown in the inset to Fig. 17 . In this estimate, relying on the x-ray data, we considered that a sample with the calculated composition Rb 2 Hg x C 60 is made up of 70% of an Rb 2.92 Hg x C 60 phase and assumed that this phase makes the main contribution to the EPR signal. The slight temperature dependence of the density of states for the Rb 2 Hg x C 60 sample is probably related to a contribution to the paramagnetic susceptibility from the second rhombohedral phase and paramagnetic defects.
Our values for the density of electron states in both test samples ͑5-6 and 13-19 ͑eV spin͒ −1 ͒ are lower than previously reported 2 for K 3 C 60 ͑13 ͑eV spin͒ −1 ͒ and Rb 3 C 60 ͑20 ͑eV spin͒ −1 ͒. There may be several reasons for this, but we believe that there are three main causes, which are related to different compositions of the fullerides, the presence of mercury in the samples, and higher and lower superconducting transition temperatures. For example, the higher density of electron states in the Rb 2.92 C 60 phase than in the K 2 Hg x C 60 sample is consistent with its higher transition temperature.
E. Cs n C 60 "n =2,3… fullerides
The x-ray diffraction patterns shown in Fig. 18 demonstrate that, regardless of the composition of the mixture ͑2:1 or 3:1͒, the reaction of metallic cesium with fullerite in toluene at temperatures of 20-110°C leads only to the formation of x-ray amorphous substances. Most likely, the products of these reactions are polymers; this is also indicated by 13 C NMR spectra of these samples, which do not contain the resonance band in the region of 170-190 ppm owing to freely rotating C 60 −n anions and is typical of the other alkali metal fullerides, as well as by Raman scattering studies. Figure 19 shows that most of the vibrational modes observed in the Raman scattering spectrum of K 3 C 60 are absent in the spectra for Cs 2 C 60 and Cs 3 C 60 , while the position of the A g ͑2͒ line, which, as noted above, depends on the number of electrons per C 60 molecule, 1 differs significantly from that observed in the other fullerides ͑especially K 3 C 60 ͒.
Using the amalgam to synthesize cesium fulleride was reported 17 to yield a superconductor with T c ϳ 30 K. This result was subsequently not confirmed in other laboratories. Our data show that using a cesium amalgam in the ratio Cs/ ͑Hg x ͒ :C 60 =3:1 for synthesizing the fulleride in toluene at 100-110°C yields a finely crystallized substance of unknown composition and structure; the corresponding diffrac- tion pattern is shown in Fig. 20 . It is best indexed in a rhombic lattice with a = 9.114 Å, b = 10.255 Å, and c = 14.216 Å, which is close to the parameters of monometallic AC 60 fullerides. Thus, one of the products of this interaction is most likely CsC 60 , but the fate of the rest of the metal remains unclear. However, judging from the gold color of the fine mercury spheres, which do not stick together and do not form the single silvery droplet typical of an amalgam of alkali metals with fullerite, some of the cesium taken for the reaction appears to form intermetallic compounds with mercury that are more durable than the fulleride.
These results on the synthesis and structural properties of cesium fullerides differ radically from those reported in Refs. 14 and 15, according to which gaseous phase synthesis of Cs 3 C 60 or its synthesis in ammonia and methylamine yields a crystalline substance with a volume centered cubic lattice. At pressures up to 2 -3 kbar, this phase begins to undergo a transition to a superconducting fcc phase, which, according to various data, reaches T c = 35-40 K at 7 -10 kbar. At the same time, none of our polymer fullerides of cesium, including one synthesized at room temperature, change their structures at pressures up to 5 GPa; that is, they remain a polymer and do not acquire superconducting properties.
To conclude this examination of methods for synthesizing alkali metal homofullerides from the pure metals and their amalgams, along with the data from x-ray diffraction and spectroscopic studies, we can say that the two methods produce end products whose compositions and structures differ significantly from the products of the "classical" gaseous phase method. We can assume that the main cause of these differences is the third component-the solvent, since both of the substances used as solvents ͑toluene and/or mercury͒ can become embedded in the crystal lattice of the fulleride in small amounts. This, of course, inevitably affects the physical properties of a material, in particular, its superconductivity.
III. HETEROFULLERIDES OF THE ALKALI METALS AND THALLIUM
Studies of alkali metal homofullerides and heterofullerides in the early 1990's revealed several interesting facts, in particular a limitation on the superconducting properties by A 3 C 60 compositions with an fcc lattice and a linear growth in the superconducting transition temperature T c with increases in the fullerite cubic lattice parameter "a." 3 Since the latter is limited by the size of a cesium atom, a limit to the transition temperature for the alkali metal fullerides is obvious and natural. Thus, we see no other way to modify the composition and properties of fullerides than by extending the assortment of heterometals embedded in the fullerite lattice. By using metals with different valences and different types of outer valence electrons ͑s, p, d, f͒, one might expect radical changes in the electronic structure of the fullerides and, thereby, changes in their electrical properties, all within a single type of geometric structure ͑fcc lattice͒.
In this regard, thallium seems to be the most promising heterometal; it forms alloys and intermetallic compounds with the alkali metals and dissolves easily in mercury to form liquid amalgams. Thallium, a superconductor ͑T c ϳ 2.4 K͒, is also the only representative of the non-transition p-metals with a stable degree of oxidation ͑+1͒ which is capable of isovalent substitution for alkali metal atoms in a fullerite lattice.
There are no reliable data on the existence of homo-or heterofullerides involving thallium in the literature. An article 45 on the synthesis of thallium fullerides was later repudiated by the same authors 46 and it has been demonstrated directly 47 that fullerides positioned as thallium-potassium or thallium-rubidium intercalates are actually alkali metal homofullerides. The synthesis of superconducting cesium fulleride was not confirmed in later publications. The major results from our study of heterofullerides of alkali metals with thallium are listed in Table I , and as an example, Fig. 21 shows an x-ray diffraction pattern of a sample with an assumed composition of K 2 Tl 0.25 Hg x C 60 .
We have synthesized the heterofullerides in two ways: via exchange reactions of alkali metal homofullerides with TlCl in toluene and tetrahydrofuran ͑THF͒ ͑indicated by asterisks * in the table͒ and via the corresponding ternary amalgams. It should be noted that in Table I the compositions of the heterofullerides are derived from the amount of the components supplied for the reactions.
When the molar fraction of thallium in a mixture of metals with m = 0.25 M is increased to m = 1.25 M, the lattice parameter of the fulleride increases from 14.220 to 14.290 Å, or close to the value found for K 3 C 60 ͓a = 14.240 Å ͑Ref. 8͔͒. Further increases in the fraction of thallium up to a KTl 2 Hg x C 60 composition yield a nonsuperconducting substance with a monoclinic lattice ͑a = 10.539 Å, b = 7.998 Å, c = 6.883 Å, ␤ = 108.17°͒ and a hexagonal superlattice.
According to x-ray data, all the samples of fullerides with rubidium, but produced with metallic thallium in amounts from m = 0.25 to 2.0 M, contain at least two phases: Rb 2.92 C 60 ͑fcc͒ and Rb 0.91 C 60 ͑orthorhombic͒. Here the parameters of the fcc lattice depend weakly on the composition of a sample ͑more precisely, on the amount of thallium introduced into the reaction͒ and range from 14.428 to 14.444 Å ͑table I͒, while the parameters of the orthorhombic phase remain essentially constant ͑a = 9.138 Å, b = 10.107 Å, c = 14.233 Å͒.
Despite the results given in Ref. 47 and our data, it is not certain that rubidium-thallium heterofullerides exist. As noted above, only fcc and orthorhombic fulleride phases have been found in the products synthesized in an Rb-Tl-Hg-C 60 system. But the absence of reflections from metallic thallium in the diffraction patterns and a change in the intensities of the reflections in the fcc phase ͑especially evident in samples with m Ͼ 1͒ may support a change in the populations of some positions in the structure of the material owing to the embedding of thallium atoms in its lattice. Unfortunately, it is possible that a durable intermetallic compound of thallium with mercury may be formed under these reaction conditions. Furthermore, the superconducting transition temperatures in rubidium-thallium samples depend on the methods by which they are synthesized, as well as on their compositions. Table I shows that in the samples produced by the exchange reaction ͑1͒ with TlCl, metallic thallium ͑this is not surprising given the reducing properties of alkali fullerides͒ and the chloride of the alkali metal ͑the appearance of which confirms the occurrence of an exchange reaction͒ are detected along with the fcc phase. But, with all these differences, sample No. 11 * of Rb 2 TlC 60 with an fcc lattice, whose synthesis is not followed by decay into tri-and monometallic fullerides, has essentially the same T c as the amalgam-synthesized samples which do undergo this kind of decay.
We detected the only case of the formation of crystalline phases with the involvement of metallic cesium and thallium in the reactions during an interaction of amalgams of these metals with fullerite, which should have led to formation of substances with compositions of Cs 2 TlHg x C 60 and CsTl 2 Hg x C 60 ͑sample Nos. 14 and 15; Fig. 22͒ . Surprisingly enough, despite their completely different component batches, both materials are single-phase and crystallize into the same orthorhombic lattice with parameters a = 9.111͑6͒ Å, b = 10.248͑8͒ Å, c = 14.215͑9͒ Å that are almost completely the same as those typical of AC 60 monofulleride phases ͑for Rb 0.91 C 60 this is a = 9.114 Å, b = 10.255 Å, c = 14.216 Å͒. Neither product is superconducting.
Thus, in this case something similar to what was described above for the binary amalgamation reaction of ce- sium with fullerite seems to be happening: the composition of the crystalline product is independent of the amount of introduced components and there are no reflections from metallic cesium and thallium in the x-ray diffraction patterns. Hence, several things can be explained in terms of the formation, during synthesis of the fullerides, of side products in the form of durable ternary intermetallic compounds with low melting temperatures.
IV. SUPERCONDUCTING PROPERTIES OF ALKALI METAL FULLERIDES PRODUCED FROM AMALGAMS AND OF HETEROFULLERIDES WITH THALLIUM
A. A n Hg x C 60 "A=K,Rb; n =2,3; x < 1… fullerides Figure 23 shows the temperature dependence of the magnetic susceptibility of heterofullerides produced from amalgams with gross compositions K 2 Hg x C 60 and Rb 3 Hg x C 60 as calculated from the component batch sizes. The figure shows that both of these heterofullerides have superconducting transitions, although individual K 2 C 60 is not superconducting according to the literature.
Electrical measurements show that K 2 Hg x C 60 is not in a single phase, since along with the "high temperature" bend in the temperature dependence of the magnetic susceptibility at 22 K, a second bend is observed at 11 K. Here it should be noted that the first value of T c exceeds the value found for gaseous-phase synthesized K 3 C 60 by 3°and that found for the heterofulleride K 2 LuC 60 by 2°. 10 Judging from the x-ray diffraction data discussed above, the K 2 Hg x C 60 fulleride is in a single phase and crystallizes into an fcc lattice with a = 14.279 Å, or somewhat higher than found for gaseousphase synthesized K 3 C 60 ͑a = 14.240 Å͒. 8 This is the phase that is most likely responsible for the superconducting transition at T c = 22 K. The composition and structure of the second superconducting phase are still unknown. We can only assume that this sample consists either of two isomorphic fcc phases that are indistinguishable in terms of x-ray diffraction analysis, or one fcc phase and an x-ray amorphous phase with a phase transition at T Ͻ 20 K. Of the possible candidates for the low-temperature superconducting phase, we should exclude the isostructural K 3 C 60 trifulleride, which might form in this system as a result of a disproportionation reaction, for two reasons. In its isolated state this substance has T c = 19 K, which is considerably higher than the observed temperature for the second effect. In addition, K 3 C 60 specially prepared via the amalgam crystallizes in a monoclinic lattice and is not superconducting at all. The reason for the radical changes in the properties of the potassium fullerides is undoubtedly mercury, which shows up here as the solvent for the alkali metal and as a coreagent which becomes embedded in the fulleride lattice. These data indicate that the mercury embedded in the fulleride lattice changes the lattice type and converts the nonsuperconducting K 2 C 60 into the superconducting K 2 Hg x C 60 and, conversely, the superconducting K 3 C 60 into the nonsuperconducting K 3 Hg x C 60 .
At the same time, our experiments show that the fulleride Rd 3 Hg x C 60 produced with the amalgam is evidently in a single phase, crystallizes into an fcc lattice, and has superconducting properties with T c = 24 K. This value is lower than that obtained for gaseous-phase synthesized Rb 3 C 60 ͑T c =28 K͒, 2 and this reduction in the transition temperature is also associated with the introduction of mercury into the fulleride lattice and a deviation in the charge state of the C 60 molecule from −3. But in this case, the presence of mercury in the initial materials affects T c in a way opposite to that seen for the potassium fulleride synthesized from the amalgam.
The superconducting transition temperature for a Rb 2 Hg x C 60 sample, which the x-ray diffraction data show is actually a mixture of two phases ͑Rb 2.92 C 60 and Rb 0.91 C 60 ; see Fig. 16͒ , is 25 K. Here the phase with an fcc lattice is probably superconducting, since the measured T c is relatively close to that observed for gaseous-phase synthesized Rb 3 C 60 ͑T c =28 K͒. Thus, when an amalgam is used, the heterofulleride Rb 2 Hg x C 60 is not formed or, if it is formed, it immediately decays into the two known phases: the monoand trirubidium fullerides.
Therefore, the type of lattice and its parameters are related to the temperature dependence of its magnetic susceptibility for the series of new heterofullerides with compositions A n Hg x C 60 ͑A=K,Rb,Cs; n =2,3; x Ͻ 1͒ which we have synthesized. The value T c = 22 K found for the fulleride K 2 Hg x C 60 is higher than the transition temperature for the fullerides K 3 C 60 ͑19 K͒ and K 2 LuC 60 ͑20 K͒. The temperature dependence of the magnetic susceptibility of fullerides of the form A n Tl m Hg x C 60 ͑A=K,Rb,Cs; n =1,2; m = 0.25-2; x Ͻ 1͒ ͑Fig. 24͒ implies that the amalgam synthesized heterofullerides with thallium contain at least two phases. The x-ray diffraction data show that the potassium-thallium-mercury fullerides K n Tl m Hg x C 60 with thallium contents m ഛ 1.25 can, with a certain probability, be included among the heterofullerides with an fcc lattice ͑An example of a diffraction pattern of this phase with m = 0.5 is shown in Fig. 21 .͒ and it is this phase which is probably superconducting. The maximum T c = 22 K was obtained in a sample with a thallium fraction m = 0.5. When m was increased to 1, T c fell to 16.5 K, while a sample with m = 1.25 was no longer superconducting. The transition temperature for K 2 Tl 0.5 Hg x C 60 is the same as that found for the fulleride K 2 Hg x C 60 . In addition, both substances contain two superconducting phases with the same transition temperatures; in both cases the nature of the second phase is still unclear, but is not definitely related to thallium, as increased amounts of thallium in K -Tl-Hg-C 60 systems will "kill" the superconductivity.
A typical plot of the temperature dependence of the magnetic susceptibility for rubidium-thallium-mercury containing fullerides Rb n Tl m Hg x C 60 ͑n =1;2; m = 0.25-2; x Ͻ 1͒ is shown in Fig. 24 for the case of Rb 2 Tl 1.25 Hg x C 60 . The transition temperatures for different samples in this group range over 27-28.2 K ͑Table I͒. In this case, the superconducting phase is probably the fcc phase, into which Rb 2 Hg x C 60 and all the Rb n Tl m Hg x C 60 decay. T c and a for the heterofullerides are, therefore, close to the values found for Rb 3 C 60 ͑for Rb 3 C 60 , a = 14.384 Å and T c =28 K 2 ͒. Here the thallium appears not to have a noticeable effect on the chemical and physical properties of the fulleride, although it is not diagnosed as one of the decay products of the Rb n Tl m Hg x C 60 fullerides obtained by any of the methods discussed here.
At the same time, in samples with an assumed composition of K 2 TlC 60 and Rb 2 TlC 60 obtained by an exchange reaction of the alkali metal fulleride with TlCl in an organic solvent, 9,10,16 metallic thallium is determined uniquely. The T c for the substances obtained in this way are somewhat lower than for "standard" samples of gaseous-phase synthesized K 3 TlC 60 and Rb 3 TlC 60 , 17 and 27.2 K, respectively. But this is against a background of data obtained from studies of samples synthesized from amalgams and from published reports, [45] [46] [47] and was insufficient for clarifying the fundamental possibility of whether thallium had been embedded in the fcc lattice of the fulleride.
According to the x-ray diffraction data, the materials we synthesized with a Cs n Tl m Hg x C 60 ͑n =1,2,3; m =1,2; x Ͻ 1͒ composition crystallize in an orthorhombic lattice typical of AC 60 monofullerites, none of which is superconducting in the case of the alkali metals. It is clear that the presence of thallium and mercury in the system did not change the situation at all, since all the present samples, as well as those we synthesized earlier in toluene, 9, 10 continued to be x-ray amorphous or crystallized into an orthorhombic lattice and had no superconducting properties.
Producing a fulleride that includes cesium is desirable because in the early stages of research on the alkali metal fullerides it was shown that only the fullerides with an fcc lattice are superconducting and the transition temperature depends essentially linearly on the lattice parameter a, i.e., on the size of the metal ion. 48 The highest T c = 33 K was obtained for an Rb 2 CsC 60 heterofulleride. 49 This could not be increased further by introducing a larger amount of cesium atoms into the fulleride because a fulleride with an bcc lattice was formed. However, at a pressure of 2 -3 kbar, Cs 3 C 60 with a bcc lattice undergoes a phase transition to an fcc phase that is accompanied by the appearance of superconducting properties. As the amount of the fcc phase increases, T c gradually increases and reaches a maximum of 38 K at 7 -10 kbar. 14, 15 Unfortunately, neither thallium nor mercury fully replaced a cesium atom according to the geometric and electronic properties.
The situation was slightly different for synthesis of cesium-containing heterofullerides by the exchange reactions ͑1͒ and ͑2͒. This yielded the fullerides RbCsTlC 60 and KCsTlC 60 with fcc lattices and superconductivity at T c = 26.4 and 21.7 K, respectively. 50 The temperature dependences of the magnetic susceptibility of these compounds and of Rb 2 TlC 60 ͑discussed above͒ are plotted in Fig. 25 .
The fulleride KCsTlC 60 has a very large value of a, 14.424 Å, which exceeds that found for K 2 Hg x C 60 ͑14.279 Å͒ and even more so, that found for K 3 C 60 ͑14.240 Å͒, but its superconducting transition temperature is not so high.
The same holds for RbCsTlC 60 ; the large increase in a ͑to 14.673 Å͒ does not correspond to the expected increase in the transition temperature. This again confirms the idea that in the fullerides ͑and, apparently, in other substances͒, T c is determined by an electronic factor, as well as the geometric factor.
It is interesting to note that the material obtained via the exchange reaction ͑1͒ with a probable composition of K 2 TlC 60 ͑sample No. 6 * ͒ has a value of T c that is essentially the same as for amalgam synthesis; together with the x-ray diffraction data, this confirms that they have some things in common. The existence of a second distinct maximum in the temperature plot of the magnetic susceptibility for a potassium-thallium-mercury fulleride, which is analogous to that described above for K 2 Hg x C 60 , indicates that a second superconducting phase is also present in K 2 TlC 60 . Unfortunately, the nature of this phase is still not clear. In addition, the existence of a second distinct maximum in the temperature plot of the magnetic susceptibility for a potassiumthallium-mercury fulleride, which is analogous to that described above for K 2 Hg x C 60 , as well as the coincidence of the x-ray diffraction patterns and the equality of T c for the onset of superconducting transitions, casts doubt on the role of thallium as a structure forming element in the formation of potassium-containing heterofullerides by amalgam synthesis.
We note that a second superconducting transition with T c ϳ 10-13 K is also observed in the mixture of substances obtained during synthesis of heterofullerides via an amalgam of rubidium and thallium. The first T c ϳ 27-28 K is undoubtedly attributable to an fcc phase of the type Rb 2.92 C 60 . The heterofulleride Rb n Tl m Hg x C 60 ͑n=1,2͒ decays into Rb 2.92 C 60 and orthorhombic Rb 0.91 C 60 . However, this sort of explanation for the appearance of superconductivity in the C 60 -Rb-Tl-Hg system seems oversimplified, since it does not clarify the experimental facts. These include the absence of a low-temperature superconducting transition in the products of the exchange reaction for synthesis of Rb 3 Hg x C 60 . High values of T c are observed. ͑In the rubidium fulleride produced from an Rb 3 Hg x C 60 amalgam, it is less than 22 K, but the exchange reaction without mercury yields T Ͼ 27 K.͒ The temperature of the first superconducting transition is constant and essentially independent of the amount of thallium introduced into the reaction, as opposed to the C 60 -K-Tl-Hg system. Finally, the proposed explanation provides no key to understanding the nature of the second superconducting transition. Is it an analog of the product formed in the C 60 -K-Tl-Hg system? If so, then, because T c is the same in both substances ͑10-12 K͒, it is necessary to exclude the alkali metal from their compositions ͑cf. the difference in T c for K 3 C 60 and Rb 3 C 60 ͒ and dwell on the components common to both systems, Hg, Tl, and C 60 . The problem is that, if a superconducting phase of these components is, in fact, formed, then it does not show up in the diffraction patterns of these mixtures at room temperature and is not formed in a direct interaction of fullerite with amalgams of thallium under the conditions described in the section on the experiments. Thus, the compositions of the low-temperature superconducting phases ͑or phase͒ formed in C 60 -K͑Rb͒ -Tl-Hg are not known exactly at this time.
Of the data listed in Table I , the properties of two groups of samples of heterofullerides, Nos. 12 * , 13 * , and 14 and Nos. 18 * and 19 * , are noteworthy; several of these correspond to the same composition, but have different values of T c . Both groups were obtained via exchange reactions in three-stage synthesis ͑Eqs. ͑1͒ and ͑2͒͒, but from different raw materials: Nos. 12 * and 14 * from stable K 2 C 60 and No. 13 * from unstable Rb 2 C 60 , and from different metal additives in the third stage, Rb in No. 12 * , potassium in No. 13 * , and cesium in No. 14 * . Since the x-ray diffraction analysis only finds the chloride of the alkali metal, metallic thallium, and a fulleride of type K 3 C 60 in samples 12 * and 14 * , we may assume that as the heterofulleride is synthesized the following exchange reaction, which is well known in the chemistry of the alkali metal halides, takes place:
Thus, rubidium or cesium cannot participate in the fulleride formation reaction, but only generate metallic potassium in amounts which increase from rubidium to cesium, which is entirely natural given the difference in their reactivities, and are sufficient to form some amount of a superconducting fcc phase with a K 3 C 60 composition.
It is evident that the superconducting properties of samples No. 18 * and 19 * differ for analogous reasons. Introducing the more active ͑than rubidium͒ metallic cesium into the third stage of the exchange reaction can lead, not to its intercalation, but to a fourth exchange reaction, RbCl + Cs --→ THF Rb + CsCl ͑4͒
which causes the appearance of metallic rubidium and then a superconducting fcc Rb 3 C 60 phase. On the other hand, introducing the less active metallic rubidium ͑sample No. 19 * ͒ into the system changes nothing in the chemical and structural properties of the system and the cesium fulleride ͑as with most fullerides involving this metal͒ remains in a polymer state and is not superconducting. An exception is a rubidium heterofulleride with a sodium additive ͑No. 20 * ͒ with T c ϳ 13 K obtained using reactions ͑1͒ and ͑2͒. Of all the possible pairs of combinations of alkali metals, and methods and places for introducing them ͑including from amalgams͒, only the combination of the exchange reaction of Rb 2 C 60 with TlCl followed by addition of metallic sodium yielded a superconducting ͑but poorly indexed to an fcc lattice͒ phase. and, on the other, they reveal some of the unusual properties of sodium which differ from those of the heavier alkali metals, primarily potassium and rubidium.
Because of their unique interaction with fullerite, rubidium amalgams cannot be used to obtain single-phase specimens of "classical" homofullerides, but they do open up new ways of synthesizing as-yet unknown compounds.
Using a third component in attempts to synthesize ternary fullerides makes it more difficult to understand the processes taking place in these systems. We have obtained proof of the entry of thallium into the composition of fullerites through the formation of binary heterofullerides in the course of exchange reactions in organic solvents. Here all the superconducting transitions that we observed were connected, in one way or another, with trimetallic fullerides. But a number of experimental facts, which have not been uniquely explained here, leave no doubt that two or, possibly, all three of these metals take a most active part in the formation of the end product, including via the formation of intermediate forms. However, the amount of these metals in the fulleride, their position in the crystal lattice, and the reasons for the differently-directed changes in the properties of the fulleride require further study. 
